Abstract In diabetes, the elevated levels of glucose in the bloodstream can result in the nonenzymatic glycation of proteins such as human serum albumin (HSA). This type of modification has been shown to affect the interactions of some drugs with HSA, including several sulfonylurea drugs that are used to treat type II diabetes. This study used highperformance affinity chromatography (HPAC) to examine the interactions of glipizide (i.e., a second-generation sulfonylurea drug) with normal HSA or HSA that contained various levels of in vitro glycation. Frontal analysis indicated that glipizide was interacting with both normal and glycated HSA through two general groups of sites: a set of relatively strong interactions and a set of weaker interactions with average association equilibrium constants at pH 7.4 and 37°C in the range of 2.4-6.0×10 5 and 1.7-3.7×10 4 M −1 , respectively.
Introduction
An estimated 366 million people in the world and 25.8 million people in the USA are affected by diabetes [1, 2] . Diabetes is a disease that is associated with elevated levels of glucose in the bloodstream, which can result in nonenzymatic protein glycation [3] [4] [5] [6] [7] [8] [9] . Glycation involves the reaction between glucose and free amine groups on proteins [3] [4] [5] [6] [7] [8] [9] . This process initially results in the formation of a Schiff base, which can undergo further rearrangement to form a stable Amadori product. Glycation has been a topic of growing interest due to its possible effect on proteins and tissues [9, 10] . One protein that has been examined in recent years in such work is human serum albumin (HSA), with diabetic patients having a 2-to 5-fold increase in the amount of glycated HSA versus persons who do not have diabetes [11] .
HSA is the most abundant serum protein [12, 13] . This protein has a single chain of 585 amino acids and a molecular weight of 66.5 kDa [12, 13] . HSA is involved in several physiological processes, including the transportation of low mass substances such as hormones, fatty acids, and drugs [5, 12, [14] [15] [16] [17] . There are two major binding sites for drugs on HSA: Sudlow sites I and II [12, 18, 19] . Drugs that bind to Sudlow site I include bulky heterocyclic anionic drugs such as warfarin, azapropazone, phenylbutazone, and salicylate [12, 14, 18, Electronic supplementary material The online version of this article (doi:10.1007/s00216-015-8688-0) contains supplementary material, which is available to authorized users. 20 ], while drugs or solutes such as ibuprofen, fenoprofen, ketoprofen, benzodiazepine, and L-tryptophan bind to Sudlow site II [12, 14, 18, 21] . There are also other regions on HSA that can bind to fatty acids and to drugs like tamoxifen or digitoxin [14] [15] [16] [17] [22] [23] [24] .
Sulfonylurea drugs are orally administered drugs that are commonly used to treat type II diabetes [2, 25] . The core structure of a sulfonylurea drug is shown in Fig. 1 . Sulfonylurea drugs are known to bind tightly to serum proteins and especially to HSA [10] . Several studies have recently examined the binding of sulfonylurea drugs to HSA and glycated forms of this protein [26] [27] [28] [29] [30] [31] [32] [33] [34] . Some common first-generation sulfonylurea drugs (e.g., tolbutamide and acetohexamide) and a number of second-generation drugs (e.g., gliclazide and glibenclamide) have all been found to bind at both Sudlow sites I and II on normal HSA and glycated HSA [26] [27] [28] [29] [30] [31] . Glibenclamide has also been found to interact with the digitoxin site of HSA [31] .
The purpose of this report is to examine binding by glipizide to normal HSA and HSA at various stages of in vitro glycation. Glipizide (see Fig. 1 ) is a secondgeneration sulfonylurea drug that has a limited solubility in water (approximately 20 mg/L) and is relatively lipophilic (log P, 2.31). These properties have made it difficult to work with this drug under physiological conditions and when using some traditional methods for binding studies (e.g., fluorescence spectroscopy) [34] [35] [36] [37] [38] . An alternative approach that will be used in this report for such studies is highperformance affinity chromatography (HPAC).
HPAC is a type of HPLC that uses an immobilized biologically related agent (e.g., HSA) as a stationary phase to retain specific analytes [39, 40] . HPAC has frequently been used for the isolation and analysis of specific targets; however, this technique can also be employed for characterizing biological interactions [39] [40] [41] . This has included the recent use of HPAC in examining the effects of glycation on the binding of several first-and second-generation sulfonylurea drugs to HSA [26] [27] [28] [29] [30] [31] [32] [33] . The advantages of HPAC for this work are its ability to determine both the strength of a drug-protein interaction and the number or location of these binding sites [39, 40] . Recent studies have also demonstrated that HPAC can be used with drugs that have limited solubility in aqueous buffers [31] .
This report will use HPAC to examine both the overall binding and site-specific interactions of glipizide with HSA, based on frontal analysis and zonal elution competition studies. These experiments will be conducted with both normal HSA and HSA that has been prepared in vitro to have glycation levels representative of prediabetes or diabetes. HPAC will be used to identify the major binding sites for glipizide on HSA and to characterize the affinities of these sites for this drug, or the interactions between such sites (e.g., positive or negative allosteric effects). These experiments should provide a better understanding of how HPAC can be used to examine binding by drugs that may have relatively complex interactions with a protein. The results should also help to build a more complete picture of how nonenzymatic glycation may alter the binding of drugs like glipizide to HSA and affect the serum protein binding and transport of such a drug during diabetes.
Experimental Chemicals
The glipizide (≥96 % pure), R-warfarin (≥97 %), racemic warfarin (≥99 %), L-tryptophan (≥97 %), digitoxin (≥97 %), tamoxifen (≥99 %), β-cyclodextrin (>98 %), D-(+)-glucose (≥99.5 %), sodium azide (95 %), and HSA (essentially fatty acid free, ≥96 %) were purchased from Sigma Aldrich (St. Louis, MO, USA). Nucleosil Si-300 (7 μm particle diameter, 300 Å pore size) was obtained from Macherey-Nagel (Düren, Germany). A fructosamine assay kit was purchased from Diazyme Laboratories (San Diego, CA, USA) for measuring the modification levels of the glycated HSA samples. Reagents for the bicinchoninic acid (BCA) protein assay were from Pierce (Rockford, IL, USA). A Milli-Q Advantage A10 system (EMD Millipore Corporation, Billerica, MA, USA) was used to purify the water utilized to make all aqueous solutions, which were also filtered through 0.20 μm GNWP nylon membranes from Millipore.
Instrumentation
The chromatographic system was from Jasco (Tokyo, Japan) and consisted of two PU-2080 pumps, a DG-2080 degasser, an AS-2057 autosampler, a CO-2060 column oven, and an UV-2075 absorbance detector, plus a Rheodyne Advantage PF six-port valve (Cotati, CA, USA). The system was controlled by Jasco LCNet through the use of ChromNav Fig. 1 Structure of glipizide. The section in the dashed box shows the common core structure of all sulfonylurea drugs software. PeakFit 4.12 (Jandel Scientific Software, San Rafael, CA, USA) was used to analyze the chromatograms. Nonlinear regression analysis was carried out by using Data Fit 8.1.69 (Oakdale, PA, USA).
In vitro glycation of HSA
Two samples of glycated HSA (referred to here as gHSA1 and gHSA2) were prepared in vitro at a physiological concentration and pH, according to previous methods [29, 42, 43] . All materials used for this procedure (e.g., glassware and spatulas) were first sterilized through autoclaving to prevent bacterial growth during the glycation process. A sterile pH 7.4, 0.20 M potassium phosphate buffer was also prepared in this manner. Further prevention of bacterial growth was achieved through the addition of 1 mM sodium azide to this buffer.
Normal HSA (i.e., 840 mg) was placed into 20 mL of the pH 7.4 buffer (giving a final concentration of 42 mg/L HSA) along with a moderate or high concentration of D-glucose (i.e., 5 or 10 mM). These mixtures were incubated for 4 weeks at 37°C. The samples were then lyophilized and stored at −80°C. A fructosamine assay [29] was performed in duplicate to determine the glycation level of the HSA samples, given values for the normal HSA, gHSA1, and gHSA2 of 0.24 (±0.13), 1.39 (±0.28), and 3.20 (±0.13) mol hexose/mol HSA, respectively.
Preparation of supports and columns
The chromatographic supports were prepared by first converting Nucleosil Si-300 silica into a diol-bonded form and then immobilizing HSA or glycated HSA to this material through the Schiff base method [44] [45] [46] [47] . Although free amine groups are involved in both the Schiff base immobilization method and glycation, these processes tend to involve different residues on HSA, making the resulting protein support a good model for the soluble forms of normal HSA or glycated HSA [26] [27] [28] [29] [30] [31] [32] [33] 48] . A control support was prepared in the same manner, but with no protein being added during the immobilization step. A BCA assay was performed on a dried portion of each support to determine its protein content. This assay was conducted in triplicate using soluble HSA as the standard and the control support used as a blank. The measured protein content was 97 (±2), 85 (±4), and 95 (±4) mg HSA/g silica for the normal HSA, gHSA1, and gHSA2 supports, respectively.
A portion of each support was downward slurry packed into a 2.0 cm × 2.1 mm i.d. stainless steel columns at 3500 psi (24 MPa) and using a packing solution that was pH 7.4, 0.067 M potassium phosphate buffer. The packed columns and any remaining support were stored at 4°C in pH 7.4, 0.067 M phosphate buffer until further use. These columns remained stable throughout the course of this entire study (i.e., over 500 sample applications) and with no significant changes being noted in their binding properties during the described experiments, as reported in prior work with similar columns [26] [27] [28] [29] [30] [31] 49] .
Chromatographic studies
The solutions of glipizide, R-warfarin, racemic warfarin, Ltryptophan, digitoxin, and tamoxifen were prepared in pH 7.4, 0.067 M phosphate buffer. Digitoxin and tamoxifen have limited solubility in aqueous solutions (i.e., around 4 and 0.17 mg/L, respectively), so a solubilizing agent (i.e., β-cyclodextrin) was also placed into their solutions [50, 51] . The addition of this solubilizing agent to only the injected samples has been noted in prior studies with HPAC to not cause any notable changes in the measured binding parameters for the applied drugs with an immobilized protein such as HSA [23, 50, 51] . Digitoxin was prepared in a 0.88 mM β-cyclodextrin solution, and tamoxifen was prepared in a 2.2 mM β-cyclodextrin, as described previously [22] [23] [24] . The racemic warfarin, R-warfarin, digitoxin, and tamoxifen solutions were prepared and used within 2 weeks of preparation [29, 49, 52] . Solutions of L-tryptophan in pH 7.4, 0.067 M phosphate buffer are known to be stable for about 2-9 days, so these particular solutions were used within 1 day of preparation [29, 52, 53] . Glipizide required additional steps to place this drug into an aqueous solution [31] . To do this, a stock solution containing 50 μM glipizide in pH 7.4, 0.067 M phosphate buffer was first made by dissolving this drug through the aid of repeated 4 h periods of sonication over 5 days. This stock solution was then used to prepare diluted working solutions of glipizide for the chromatographic experiments. All of the glipizide solutions were used within 2 weeks of preparation. Although sulfonylurea drugs are weak acids (e.g., the pK a of glipizide is 5.9), the drug concentrations that were used in these experiments had little or no effect on the final pH of the buffered solutions [34, 54] .
The mobile phases used for the chromatographic experiments were prepared in or diluted with pH 7.4, 0.067 M phosphate buffer. The same buffer was used as the isocratic application/elution buffer during sample injection or application. All of the mobile phases were passed through a 0.2 μm filter and degassed for 10-15 min prior to use. The chromatographic experiments were carried out at a typical flow rate of 0.50 mL/min and at a temperature of 37°C. As has been demonstrated with similar columns and systems, these experimental conditions have been shown to provide reproducible results in the measurement of drug-binding parameters such as retention factors, binding capacities, and association equilibrium constants [26] [27] [28] [29] [30] [31] .
Prior to all chromatographic studies, the columns were first equilibrated with pH 7.4, 0.067 M phosphate buffer. In the frontal analysis experiments, a six-port valve was used to switch from the pH 7.4 buffer to a solution that contained a known concentration of glipizide in this buffer. The elution of glipizide was monitored at 254 nm. As shown in Fig. 2a , the application of each glipizide solution resulted in the formation of a breakthrough curve. After a stable plateau had been reached in this curve, a valve was used to switch the column back to pH 7.4, 0.067 M phosphate buffer to elute the retained drug and regenerate the column.
Frontal analysis was carried out on each normal HSA or glycated HSA column and a control column by using 12 glipizide solutions with concentrations ranging from 0.5 to 50 μM. These conditions were all in the linear range of the detector, and the experiments at each drug concentration were carried out in quadruplicate. The breakthrough curves were processed by using the first derivative function of PeakFit 4.12, followed by analysis of this derivative using the equal area function to determine the mean point of the curve [52] . The results obtained on the control column at each glipizide concentration were subtracted from the results for the normal HSA or glycated HSA columns to correct for the system void time and nonspecific binding of the drug to the support. Nonspecific binding to the support made up 50-56 % of the total binding observed when applying a 50 μM solution of glipizide to the normal HSA or glycated HSA columns. This level of nonspecific binding was similar to that obtained in prior research with glibenclamide, which successfully used the same approach to correct for such binding on HPAC columns [31] .
Zonal elution competition studies, as illustrated in Fig. 2b , were carried out by using R-warfarin and L-tryptophan as sitespecific probes for Sudlow sites I and II, while digitoxin and tamoxifen were used as probes for the digitoxin and tamoxifen sites [22] [23] [24] [26] [27] [28] [29] [30] [31] . These competition studies were performed using eight solutions that contained 0.0 to 20.0 μM glipizide in the mobile phase. These solutions were also used to dilute and prepare 5 μM samples of each probe compound, which were found to provide linear elution conditions for these compounds. The probe samples were applied to each column as 20 μL injections and were monitored at 308, 280, 205, or 205 nm for R-warfarin, L-tryptophan, digitoxin, or tamoxifen, respectively. Sodium nitrate was used as a nonretained solute and was applied at a concentration of 20 μM and using an injection volume of 20 μL while being monitored at 205 nm [39] [40] [41] 55] . The experiments at each concentration of glipizide and with each site-specific probe were performed in quadruplicate for the normal HSA or glycated HSA columns and control column. The central point of each peak was determined by using the equal area function of PeakFit 4.12 [52] .
Similar competition studies were carried out in quadruplicate by using glipizide as the injected probe and racemic warfarin or tamoxifen as the competing agent. The mobile phases in these experiments contained one of eight concentrations for racemic warfarin that ranged from 0.0 to 20.0 μM or one of eight concentrations for tamoxifen that ranged from 0.0 to 10.0 μM. Samples containing 5 μM glipizide were prepared with each of these mobile phases and were applied using a 20 μL injection volume, with the glipizide being monitored at 254 nm. Other conditions and procedures, including the use of sodium nitrate as a nonretained solute, were the same as described for the other zonal elution competition studies. 
Theory Frontal analysis
The method of frontal analysis was used to provide initial estimates for the binding constants and amount or types of binding sites for glipizide with normal HSA or glycated HSA [39-41, 52, 55] . Figure 2a shows the general format of this approach and some typical chromatograms that were produced by this method. In this type of experiment, a series of breakthrough curves was produced when known concentrations of glipizide were continuously applied to a column. The mean position of each breakthrough curve was then determined, which occurred around 4-8 min for the results that are given in Fig. 2a .
In a system where relatively fast association and dissociation kinetics are present between the applied drug or analyte (A) and the immobilized protein or ligand (L), the mean position of the breakthrough curves can be related to the concentration of A, the association equilibrium constant(s) for this analyte with the ligand, and the moles of binding sites for the analyte in the column [39-41, 52, 55] . For example, if binding by A occurs at a single type of site on L, this system can be described by the one-site binding model that is represented by Eqs. (1) and (2) [39-41, 52, 55] .
In these equations, m Lapp refers to the moles of applied analyte that are required to reach the central point of the breakthrough curve at a given molar concentration of the analyte, [A] . The association equilibrium constant and total moles of active binding sites for this interaction are represented by K a and m L , respectively. Equation (2) is the double-reciprocal form of Eq. (1), which predicts that a linear relationship should be present in a plot of 1/m Lapp versus 1/[A] for this type of system. The value of m L in this plot is given by the inverse of the intercept, and K a can be obtained independently from m L by taking the ratio of the intercept over the slope.
Similar relationships can be used to describe more complex interactions, like the two-site system that is represented by Eqs. (3)- (4) [39-41, 52, 55] .
In these equations, K a1 and K a2 are the association equilibrium constants for the two types of binding sites for A in the column [39-41, 52, 55] . The binding capacities of these sites are described by m L1 and m L2 , respectively. The doublereciprocal form of Eq. (3) is shown in Eq. (4), where α 1 is the fraction of all binding sites for A that consist of the highest affinity site for A, and β 2 is the ratio of the association equilibrium constants for the lower versus higher affinity sites, where β 2 =K a2 /K a1 and K a1 >K a2 [39-41, 52, 55] .
Results plotted according to Eq. (4) would be expected to give a nonlinear response over a broad range of concentrations for A; this feature has been used in prior studies to determine whether multisite interactions are taking place between an analyte and an immobilized protein [39-41, 52, 55] 
If data from the linear range in a plot of 1/m Lapp versus 1/[A] are analyzed according to Eq. (5) for a multisite system, the apparent association equilibrium constant that is obtained from the ratio of the intercept over the slope can provide an initial estimate for the association equilibrium constant for the highest affinity sites in this system [39-41, 52, 55] .
Zonal elution competition studies
Zonal elution can be used to determine the affinity of an analyte at a specific region on an immobilized binding agent [26, 39-41, 52, 55] . This type of experiment involves the injection of a small plug of a site-specific probe onto the column, while a known concentration of the competing agent (e.g., the analyte) is applied in the mobile phase [39-41, 52, 55] . Examples of some typical chromatograms that are obtained in such an experiment are included in Fig. 2b . In this current report, such a method generally provided results within 4 to 10 min of sample injection. In this type of experiment, the retention of the probe is examined as the concentration of the competing agent is varied [39-41, 52, 55] . This retention is usually expressed in terms of the retention factor (k) for the probe, as is calculated from the measured mean retention time for the probe (t R ) and the void time (t M ) of the system, where k=(t R −t M )/t M [24] .
The change in the value of k as the concentration of the competing agent (I) is varied is next examined according to various binding models. For instance, these results can be analyzed by using Eq. (6) 
In this equation, the association equilibrium constants for the probe and competition agent at their site of competition are described by K aA and K aI . The term V M is the column void volume, while m L is the total active moles of the common binding site in the column. If a linear response with a positive slope is obtained for a plot that is made according to Eq. (6), the results can be said to follow a model in which the probe and competing agent are interacting directly at a single type of site on the immobilized binding agent. In addition, the ratio of the slope versus the intercept from this plot can be used, in a manner that is independent of m L , to determine the association equilibrium constant for the competing agent at its site of direct competition with the probe [39-41, 52, 55] .
Deviations from the linear response that is predicted by Eq. (6) can occur if the probe binds at multiple sites or if allosteric effects are present during the binding of the probe and competing agent [26, 39-41, 55, 56] . Equation (7) can be used to describe such data when the probe and competing agent are binding to two separate but allosterically linked sites [24, 26] .
In this equation, the association equilibrium constant for the competing agent is represented by K aIL . The term k 0 is the retention factor for the probe in the absence of the competing agent, and k is the retention factor for the probe in the presence of a given concentration of the competing agent. The term β I→A is the coupling constant for the allosteric effect of I on the interaction of A with the immobilized binding agent [24] . A plot of k 0 /(k−k 0 ) versus 1/[I] according to Eq. (7) should result in a linear relationship for a simple allosteric interaction, where the slope and intercept can be used to determine the coupling constant (β I→ A ) and the association equilibrium constant for the competing agent [24, 26] . A value of β I→A that is greater than 1 indicates a positive allosteric effect is occurring, while 0<β I→A <1 indicates that a negative allosteric effect is present. A value of 0 for β I→A is obtained when direct competition is taking place between A and I, and no competition is represented by a value of β I→A that is equal to 1 [24] .
Competition studies can also be conducted by injecting a small plug of the analyte onto the column in the presence of known concentrations of a site-specific probe in the mobile phase [39] . The retention factor for an analyte that interacts with n independent sites can be represented by the sum of the retention factors for these individual sites (k 1 through k n ), as is shown in Eq. (8) . This equation can further be expanded into Eq. (9) if an agent is also present in the mobile phase that can compete at one or more of these sites [39] .
In Eq. (9), K aA1 through K aAn are the association equilibrium constants for the analyte at site 1 through n, and K aI1 through K aIn are the association equilibrium constants for the competing agent at the same sites [39] .
Results and discussion
Frontal analysis using normal HSA Frontal analysis was first used to examine the overall binding of glipizide, a sulfonylurea drug with limited solubility in aqueous solutions, to columns containing either normal HSA or in vitro glycated HSA. Examples of such experiments are shown in Fig. 2a . Previous studies have found that other sulfonylurea drugs tend to interact with both normal HSA and glycated HSA at two general classes of sites: a set of moderate to high affinity sites and a larger group of weak affinity regions [26-28, 30, 31] . This result has also been obtained with glibenclamide, another sulfonylurea drug with limited solubility in water [31] .
In this report, the results from frontal analysis experiments with glipizide were fit to various binding models. Figure 3a shows the best-fit line that was obtained for glipizide and normal HSA when using a one-site model, as described by Eq. (1). This fit resulted in a correlation coefficient of 0.9979 (n=12). The same data were also fit to a two-site model, as described by Eq. (3) and shown in Fig. 3b . This model gave a slightly higher correlation coefficient of 0.9998 (n=12). Residual plots, as provided by the insets of Fig. 3 , indicated that the data had a more random distribution about the best-fit line for the two-site model than for the onesite model. In addition, the sum of the squares of the residuals was lower for the two-site model versus the one-site model (i.e., 3.6×10 −19 vs. 5.3×10 −18 ). The presence of multisite binding was confirmed by plotting the data according to Eq. (2) or (4), which resulted in deviations from a linear response at high glipizide concentrations (see Electronic Supplementary Material, ESM). All of these results indicated that the two-site model was a better description than the onesite model for the binding of glipizide with normal HSA. The use of higher order models (e.g., a three-site model) did not result in any improved fit to this data.
The two-site model was next used to estimate the average association equilibrium constants and moles of sites that were involved in the interactions of glipizide with normal HSA. The results of this fit gave a value for K a1 of 2. 4 [34] . The K a1 values that were determined for the high affinity sites of glipizide were similar to or up to 3.4-fold larger than the values that have been measured by frontal analysis for the high affinity sites of acetohexamide, tolbutamide, and gliclazide with normal HSA [26] [27] [28] 30] . This strong binding by glipizide may be due to the large and relatively nonpolar side chains that are present in glipizide [57] , which have been proposed to be important in the interactions of this drug with HSA [34] . The K a1 values estimated for glipizide were up to an order of magnitude lower than the average K a1 that has been reported for the high affinity sites of normal HSA with glibenclamide, another second-generation drug [31] . However, glibenclamide is known to bind to an additional high affinity site (i.e., the digitoxin site) that significantly increases its overall affinity for normal HSA when compared with many other sulfonylurea drugs [31] .
The normal HSA column was estimated through the frontal analysis data to have a binding capacity of 8.9 (±3.0)× 10 −9 mol, or 2.9 (±0.1)×10 −7 mol/g silica, for glipizide at its highest affinity sites and 6.0 (±0.3)×10 −8 mol, or 1.9 (±0.1)× 10 −6 mol/g silica, at its lower affinity sites. Based on the known protein content of the column, the specific activities for these sites were 0.24 (±0.08) and 1.6 (±0.1) mol/mol HSA, respectively. These values indicated that at least one major binding site was involved in the higher affinity interactions, with a larger group of sites taking part in the weaker affinity interactions. These results and overall trends are comparable to those that have been obtained in previous frontal analysis studies involving normal HSA and other sulfonylurea drugs [26-28, 30, 31] .
Frontal analysis using glycated HSA
When examining the interactions of glipizide with two samples of in vitro glycated HSA (i.e., gHSA1 and gHSA2), the two-site model again gave a better fit for the frontal analysis data than a one-site model. The correlation coefficients obtained for the frontal analysis data with glipizide and gHSA1 were 0.9964 (n=12) for the one-site model and 0.9997 (n=12) for the two-site model. Similar results were obtained for gHSA2, with correlation coefficients of 0.9978 (n=12) for the one-site model and 0.9999 (n=12) for the two-site model. The residual plots for both types of glycated HSA gave a more random distribution of the data about the best-fit line for the two-site model than for the one-site model. The data for gHSA1 and gHSA2 also had a lower sum of the squares of the residuals for the two-site model than the one-site model (i.e., 5.6×10 −19 vs.
6.9×10
−18 for gHSA1 and 4.1×10 −19 versus 1.9×10 −18 for gHSA2). These results confirmed that glipizide also interacted with the glycated HSA samples through a two-site model. Table 1 includes the binding parameters that were obtained for glipizide with the glycated HSA samples when using the two-site model. The average association equilibrium constants that were measured for glipizide at its higher and lower affinity sites on gHSA1 were 2.8 (±1.1)×10 5 Table 1 for the highest affinity sites were 1.2-fold higher for gHSA1 and 2.5-fold higher for gHSA2 than the value that was measured for normal HSA. The apparent increase in affinity for gHSA1 was not statistically significant at the 95 % confidence level; however, the increase seen for gHSA2 was significant. Previous studies involving other sulfonylurea drugs have noted an increase in the average K a at the highest affinity sites for these drugs on glycated HSA versus normal HSA [27, 28, 30, 31] . It has been suggested that such changes in affinity, if present, may be a result of alterations in the amount or types of glycation products that are present at or near drug-binding regions as the level of HSA glycation is varied [58, 59] . For instance, studies using mass spectrometry and digests of HSA have confirmed that significant levels of glycation-related modifications can occur at or near the major drug-binding sites of moderately and highly glycated HSA [59] . Examples of modification sites that are present at or near Sudlow site I include K199, K150, K160, K275, K281, R209, and R257, while possible modification sites that are located at or near Sudlow site II include K378, K439, and R428 [59] . It has also been shown that the modification pattern can change with the extent of glycation [58, 59] . For instance, differences have been seen in the types of modifications that are present at residues K199, R197, and R428 for a moderately glycated sample of HSA versus highly glycated samples of HSA [58] .
The specific activities for the columns containing glycated HSA were determined from the measured binding capacities and protein contents for these columns. The higher and lower affinity sites in the gHSA1 column had binding capacities of 9.7 (±3.8)×10 and 1.9 (±0.1)×10 −6 mol/g silica, with specific activities of 0.12 (±0.03) and 1.7 (±0.1) mol/mol gHSA2. These results were similar to those obtained for the normal HSA column and in prior work with other sulfonylurea drugs [26-28, 30, 31] . These results again indicated that at least one type of site was involved in the higher affinity interactions and that more sites were involved in the weaker affinity interactions.
Competition studies at Sudlow site II
Zonal elution competition studies were used to help identify the binding sites for glipizide on HSA and to measure the affinity of glipizide at these sites. Sudlow site II has been found in previous work to be one of the regions that often takes part in the moderate to high affinity interactions of other sulfonylurea drugs with normal HSA and glycated HSA [26-28, 30, 31] . It has recently been determined in solutionphase displacement experiments that glipizide also binds to Sudlow site II on normal HSA [34] . In this current report, interactions at Sudlow site II were examined by using L-tryptophan as a probe for this site [26] [27] [28] [29] [30] [31] .
Competition studies between L-tryptophan with glipizide were carried out on columns that contained normal HSA or glycated HSA. In these studies, L-tryptophan was injected as the probe and various concentrations of glipizide were placed into the mobile phase. The data were then analyzed according to Eq. (6), as illustrated in Fig. 4a . A linear response was observed for glipizide on all of the normal HSA or glycated HSA columns, with correlation coefficients that ranged from 0.9137 to 0.9643 (n=8). It was concluded from these results that L-tryptophan and glipizide had direct competition at Sudlow site II on both normal HSA and glycated HSA. Table 2 shows the association equilibrium constants for glipizide that were measured at Sudlow site II on these various columns. These values that were obtained were 1.1 (±0.1)× between normal HSA and gHSA1 (9 %) was not statistically different at either the 95 or 90 % confidence level. However, a significant increase (at both confidence levels) of 27 or 17 % was observed in this affinity at Sudlow site II when going from normal HSA or gHSA1 to gHSA2. In addition, these affinity values were approximately 3.5-to 12-fold lower than association equilibrium constants that have been measured for other first-or second-generation sulfonylurea drugs at Sudlow site II of normal HSA [27, 28, 30, 31] . It has been suggested based on solution-phase displacement studies that Sudlow site II is the major binding site for glipizide on normal HSA [34] . However, the association equilibrium constants measured here for glipizide at Sudlow site II These results were measured at 37°C in the presence of pH 7.4, 0.067 M potassium phosphate buffer. The values in parentheses represent a range of ±1 S.D., as based on error propagation and the precisions of the best-fit slopes and intercepts when using Eq. (3) (n=12). The glycation levels for gHSA1 and gHSA2 were 1.39 (±0.28) and 3.20 (±0.13) mol hexose/mol HSA, respectively of normal HSA and glycated HSA were an order of magnitude lower than the binding constants that were estimated for the highest affinity sites, as determined by frontal analysis (see Table 1 and ESM). This comparison indicated that although glipizide was binding to Sudlow site II, some other region was also present that had an even higher affinity for this drug. The location of this additional site was explored in the following sections by using probes for other regions of HSA.
Competition studies at the digitoxin site
The digitoxin site of HSA has been observed in prior work to have strong binding to the sulfonylurea drug glibenclamide [31] . As a result, competition studies were also conducted to examine the binding of glipizide at this site and by using digitoxin as a site-specific probe [22] . Injections of digitoxin onto the normal HSA column and in the presence of various concentrations of glipizide gave only a random variation in retention of ±6.3 %, as demonstrated by a plot that was made according to Eq. (6) in Fig. 4b . Similar results were obtained for the columns containing gHSA1 or gHSA2, which gave random variations in the retention for digitoxin of ±4.6 and ±9.5 %, respectively. These results indicated that glipizide was not interacting with the digitoxin site of either normal HSA or glycated HSA.
Competition studies at Sudlow site I
Competition studies were next carried out at Sudlow site I by using R-warfarin as a site-specific probe for this binding region [20, 24, 29] . Previous work involving other sulfonylurea drugs have consistently noted that these drugs have direct competition for warfarin at this site and that this region has moderate to high affinity interactions for this class of drugs [26-28, 30, 31] . This site has further been identified, through solution-phase displacement studies, as a binding region for glipizide on normal HSA [34] . Data from competition studies using glipizide as a mobile phase additive and R-warfarin as an injected probe compound were plotted according to Eq. (6). An example of such a plot is shown in Fig. 5a , as generated using the normal HSA column. In previous studies with other sulfonylurea drugs, a linear behavior and a positive slope have been seen for such plots, indicating that R-warfarin was competing directly with these drugs [26-28, 30, 31] . The corresponding plot for glipizide was also linear with a positive slope at glipizide concentrations up to about 5 μM, with deviations from linearity occurring at higher glipizide concentrations. Similar results were obtained for the glycated HSA columns. These results suggested that glipizide was in direct competition with Rwarfarin at Sudlow site I at low glipizide concentrations. Such behavior agreed with the results from prior solution-phase displacement studies [34] .
The deviations from linearity that were seen in plots like Fig. 5a could have been produced by an allosteric interaction between the injected probe and glipizide as the concentration of this drug was increased [26, 56] . This effect may be related to the ability of glipizide to induce a conformational change as a result of binding by this drug to HSA, as has been proposed from solution-phase studies [34] . The presence of an allosteric interaction was tested by plotting the zonal elution data according to Eq. (7). As is shown in Fig. 5b The linear fits obtained with Eq. (7) were used to estimate the association equilibrium constants for glipizide at the site that was taking part in this allosteric interaction (see Table 2 ). The same fits were used to find the coupling constants for the allosteric effect of glipizide on the binding of R-warfarin with normal HSA or glycated HSA. The association equilibrium constant that was measured for glipizide at its interaction region on normal HSA was 3.9 (±0.2)×10 5 M −1
. This value was similar to the overall association equilibrium constant that has been reported for the binding of glipizide with normal HSA in solution [34] and the value obtained in this current report for the high affinity regions of glipizide with normal HSA. The coupling constant that was measured for this site with Rwarfarin was 0.60 (±0.03), with the latter value representing a negative allosteric effect. The association equilibrium constants for glipizide at the corresponding interaction sites on gHSA1 and gHSA2 were 3.2 (±0. , with coupling constants of 0.66 (±0.05) and 0.62 (±0.05), respectively. There was an 18 % decrease in affinity for glipizide and this interaction was going from normal HSA to gHSA1, and there was a similar increase between gHSA1 and gHSA2. Both of these changes were significant at the 95 % confidence interval. No changes in affinity were observed between normal HSA and gHSA2. In addition, all of the coupling constants measured between glipizide and warfarin were statistically equivalent at the 95 % confidence interval.
Binding by glipizide at Sudlow site I was confirmed by carrying out a reverse competition study. This was done by injecting a small amount of glipizide as the probe and by using racemic warfarin as the competing agent in the mobile phase. The measured retention factor for glipizide was also corrected for the binding of this drug to Sudlow site II and to its weak affinity regions; this was accomplished by using Eq. (9) with the results of the competition studies at Sudlow site II and the binding constants in Table 1 for the weak affinity sites that were measured by frontal analysis. The resulting corrected retention factors gave linear plots when analyzed according to Eq. (6) (see ESM), as would be expected if direct competition were occurring between glipizide and warfarin in the region of Sudlow site I. Furthermore, the association equilibrium constants that were estimated for glipizide at Sudlow site I from these results were consistent with the range of values that were obtained when using R-warfarin as the injected probe and glipizide as the competing agent.
Competition studies at the tamoxifen site
Because some allosteric effects were observed for glipizide at Sudlow site I, additional experiments were used to explore whether glipizide had similar effects at other sites on HSA. The tamoxifen site of HSA was of particular interest since previous studies have shown that Sudlow site I and this site are allosterically linked [24, 60, 61] . These studies were originally carried out by injecting tamoxifen as a site-specific probe [24] and placing glipizide as a competing agent in the mobile phase. When the results were analyzed according to Eq. (6) and a direct competition model, the plot obtained for normal HSA gave a nonlinear response with a negative slope, as shown in Fig. 6a . This indicated that a positive allosteric interaction was present between glipizide and tamoxifen [24] , with similar trends being seen for glycated HSA. These results were measured at 37°C in the presence of pH 7.4, 0.067 M potassium phosphate buffer. The values in parentheses represent a range of ±1 S.D., as based on error propagation. The glycation levels for the HSA samples were the same as listed in Table 1 a These association equilibrium constants were determined by fitting Eq. (6) to the results of competition studies using L-tryptophan as a probe for Sudlow site II (n=7-8) b These values were determined from the best-fit slopes and intercepts that were obtained when using Eq. (7) and data obtained at the higher concentrations of glipizide that were employed in competition studies using R-warfarin as a probe for Sudlow site I (n=4). The results that were obtained when the entire data set was fit to Eq. (7) are provided in the Supplemental Material c These values were determined from the best-fit slopes and intercepts that were obtained when using Eq. (7) and data from competition studies involving tamoxifen as a probe for the tamoxifen site (n=7)
The same competition data were analyzed by using Eq. (7). As shown in Fig. 6b , a linear fit was noted for a plot of k 0 /(k−k 0 ) versus 1/[Glipizide] for the normal HSA column. The same behavior was seen on the glycated HSA columns. These plots had correlation coefficients of 0.9976 to 0.9988 (n=7). These fits were used to find the association equilibrium constant for glipizide at the site that had an allosteric effect on the tamoxifen site. The results are included in Table 2 . The association equilibrium constant measured for glipizide when using normal HSA was 4.1 (±0.9)×10 4 M −1 , and the coupling constant of this region with the tamoxifen site was 8.0 (±1.7). gHSA1 and gHSA2 had association equilibrium constants of 7.8 (±1.1)×10 4 and 5.2 (±1.3)× 10 4 M −1 , respectively, for glipizide during this allosteric interaction, as well as coupling constants of 5.1 (±0.7) and 6.1 (±1.5). The 1.9-fold increase in the affinity between normal HSA and gHSA1 was significant at the 95 % confidence interval. The 1.3-fold increase in affinity between normal HSA and gHSA2 was not significant at the 95 % confidence level but was significant at the 90 % confidence level. Significant differences at the 95 % confidence level were also present between the coupling constants for normal HSA and gHSA1 or gHSA2.
Reverse competition studies were conducted by using glipizide as the injected probe and tamoxifen as the competing agent. The retention factors for glipizide were again corrected for the binding of this drug at Sudlow site II and at its weak affinity regions, as described in the previous section. A plot using these corrected values was made according to Eq. (6). This plot resulted in a nonlinear relationship (see ESM) which further indicated that positive allosteric interactions were occurring between the binding region for glipizide on HSA and the tamoxifen site. Similar results were obtained for glycated HSA. The same type of positive allosteric effect on tamoxifen has been noted to occur during the binding of warfarin at Sudlow site I of HSA [24] .
Conclusion
This report utilized HPAC to examine the binding of glipizide to normal HSA and HSA with various levels of in vitro glycation. The results of frontal analysis experiments indicated that glipizide was interacting with both normal HSA and glycated HSA at a series of relatively high affinity regions that had average association equilibrium constants in the range of 2.4-6.0×10 5 M −1 at pH 7.4 and 37°C. These values were in good agreement with a previous estimate that has been made for the overall affinity of glipizide with normal HSA in solution [34] . This drug was also found to have a large set of weak affinity regions that had association equilibrium constants in the range of 1.7-3.7×10 4 M −1
. Zonal elution competition studies were used to provide more detailed information on the interactions of glipizide with specific sites of normal HSA or glycated HSA. Figure 7 summarizes the results of these experiments. This drug was found to bind to Sudlow site II with an affinity of 1.1-1. for both normal HSA and glycated HSA. The same proteins had estimated affinities of 3.2-3.9×10 5 M −1 for normal HSA and glycated HSA, which agreed with the values for the high affinity regions that were obtained by frontal analysis. Up to an 18 % decrease in the affinity for glipizide was observed at Sudlow site I going from normal HSA to glycated HSA, while up to a 27 % increase was noted at Sudlow site II. Glipizide had no appreciable interactions at the digitoxin site and was found to have a positive allosteric effect for the binding of tamoxifen at its site on HSA. A negative allosteric effect was also observed between glipizide and the binding of Rwarfarin at Sudlow site I. The results from this study demonstrate how HPAC can be used to examine the overall binding affinity and site-specific binding for drugs with relatively complex interactions with proteins, including modified proteins such as glycated HSA. This included the use of this method to detect direct competition, no competition, and either positive or negative allosteric interactions between a drug such as glipizide and probes for various binding regions on these proteins. It was also shown how a combination of traditional zonal elution competition studies and reverse competition studies could be used together to help examine mixed-mode interactions, such as occurred between warfarin and glipizide at Sudlow site I.
In addition, the results from this study show how glycation, at levels comparable to those present in diabetes, can alter the binding of drugs with HSA. The type of binding data that was obtained in this report should be useful in future work in determining how the effective dosage of a drug like glipizide may be affected as the concentration of blood glucose and levels of protein glycation change in diabetic patients [9, [25] [26] [27] [28] [29] [30] [31] . The methods that were used in this study are not limited to glipizide and normal HSA or glycated HSA, but could also be applied to other drugs or modified proteins. These features should make this approach, and the data it can provide, of interest in areas such as biointeraction studies, the screening of drug candidates, and personalized medicine [10, 32] .
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